Abstract. The aim of the present study was to investigate the effect of co-culture with amniotic epithelial cells (AECs) on the biological characteristics of amniotic mesenchymal stem cells (AMSCs), to compare the expression of C-X-C motif chemokine receptor 4 (CXCR4) in co-cultured AMSCs and to investigate the roles of the stromal cell-derived factor-1 (SDF-1)/CXCR4 axis in the homing and migration of AMSCs. AMSCs were isolated from human amniotic membranes, purified and then differentiated into osteoblasts and adipocytes in vitro, which was verified by von Kossa Staining and Oil Red O staining. Cell viability was measured by Cell Counting kit-8 and trypan blue assays at 24, 48 and 72 h, the expression of CXCR4 was analyzed by immunofluorescence-based flow cytometry and reverse transcription-quantitative polymerase chain reaction, and the migration ability of AMSCs in vitro was observed by a migration assay. The results demonstrated that cell viability (at 48 and 72 h) and survival (at 24, 48 and 72 h) in the co-culture and serum groups were higher compared with the serum-free group. Furthermore, CXCR4 mRNA and protein expression, and migration along the SDF-1 gradient, in the co-culture and serum-free groups were higher compared with the serum group. Overall, the results indicated that AMSCs co-cultured with AECs exhibited enhanced proliferation activity and survival rate. In conclusion, the present study demonstrated that co-culture of AMSCs with AECs upregulated CXCR4 on the surface of AMSCs and enhanced the migration ability of AMSCs in vitro. This result may improve the directional migration and homing ability of AMSCs, as well as provide a theoretical basis for the application of AMSCs in clinical practice as a novel strategy to increase the success of hematopoietic stem cell transplantation.
Introduction
Mesenchymal stem cells (MSCs) are a class of pluripotent stem cells derived from the mesoderm that support the in vitro growth of long-term culture-initiating cells and promote in vivo hematopoietic embedding and reconstruction, thus having important roles in tissue repair, anti-inflammation, and the prevention and treatment of graft versus host disease (GVHD) (1, 2) . However, harvesting bone marrow mesenchymal stem cells (BMSCs) is invasive and their ability to differentiate decreases with age, which restricts their utility in clinical and scientific research (3) . As MSCs originating from the amniotic membrane, termed amniotic MSCs (AMSCs), could be accessed relatively easily compared with BMSCs and without ethical barriers, there are numerous potential applications for AMSCs. The biological characteristics of BMSC and AMSC were previously reported to be similar, including hematopoiesis multipotency properties with low immunogenicity as well as possessing the ability to inhibit the proliferation of allogeneic T cells (4, 5) . The combined transplantation of BMSCs with hematopoietic stem cells has been reported to be an effective method for increasing hematopoietic reconstitution and reducing the occurrence of GVHD (2, 6) . One study demonstrated that direct injection of MSCs into the bone marrow cavity promoted hematopoietic recovery and reduced GVHD symptoms (7) , indicating that improving MSC homing and implantation methods may lead to improved therapeutic effects of MSC transplantation. Previous studies have also demonstrated that stimulation with a cytokine cocktail [fms-related tyrosine kinase-3 ligand, recombinant human stem cell factor, interleukin (IL)-6, hepatocyte growth factor and IL-3 increased the expression of C-X-C motif chemokine receptor 4 (CXCR4) on the surface of BMSCs (8) and that the stromal cell-derived factor-1 (SDF-1)/CXCR4 axis facilitated BMSC homing and accelerated hematopoietic recovery in a rat pancreatic transplant recipient (9) . However, not all of the aforementioned cytokines are suitable for therapeutic use in humans, and the cytokine cocktail may induce severe adverse side effects due to their pleiotropic properties (10) . Therefore, although this method is effective, it cannot be applied clinically. Determining whether there is a simpler, safer and more effective way to promote MSC homing clinically requires further investigation.
Amniotic epithelial cells (AECs) are derived from the embryonic ectoderm. These cells are able to synthetize and secrete a variety of cytokines, and have the ability to grow and proliferate in serum-free conditions (11, 12) . Therefore, we hypothesized that co-culture of AMSCs with AECs may maintain AMSC activity and also stimulate the expression of CXCR4 on AMSC surfaces to enhance AMSC migration and homing ability.
In the current study, the effects of co-culture with AECs on the biological characteristics of AMSCs, including their viability, CXCR4 expression and migration ability, as well as the roles of the SDF-1/CXCR4 axis in the migration and homing of AMSCs, were investigated.
Materials and methods
Samples and approval. Samples of human amniotic membrane were obtained from 43 healthy women aged 22-30 years that had undergone a caesarean delivery (negative in hepatitis B virus, human immunodeficiency virus and syphilis tests) from the First Affiliated Hospital of Kunming Medical University (Kunming, China). All the samples were collected between October 2012 and March 2014. The study was approved by Ethics Committee of the First Affiliated Hospital of Kunming Medical University. Written informed consent was obtained from donors for the use of amniotic membranes in this study.
Isolation, culture and identification of AMSCs. The amniotic membrane was isolated and repeatedly rinsed under aseptic conditions. Following the removal of blood clots, the amniotic membrane was cut into sections (~0.5-1.0 mm 2 ) and seeded onto the bottom of culture flasks. Complete Dulbecco's modified Eagle's medium (DMEM)/F12, containing 10% fetal bovine serum (FBS) and 1% cyan-streptomycin, all of which were purchased from HyClone (GE Healthcare Life Sciences, Logan, UT, USA), was added and the flasks were cultured at 37˚C and in 5% CO 2 and saturated humidity. When the cell density reached 80-90%, the cells were passaged. P3-6 generation AMSCs were used in the experiments.
MSCs were identified as described previously (8, 13) . Briefly, indirect immunofluorescence was performed using MSCs (1x10 6 ). Cells were blocked with 0.5 % bovine serum albumin (BSA) and 2% normal FBS in 1X PBS at 4˚C for 30 min; both serums of which were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany To induce differentiation, AMSCs were inoculated into culture flasks at a density of 2-3x10 4 /cm at 37˚C for 3 weeks in adipocyte differentiation medium [Iscove's modified Dulbecco's medium (IMDM) + 10 -6 mol/l dexamethasone + 0.5 mol/l 1-methyl-3-isobutyl-xanthine + 0.1 mol/l vitamin C + 100 U/ml penicillin + 100 µg/ml streptomycin + 10% FBS)], all reagents of which were purchased from Sigma Aldrich; Merck KGaA. Following this, AMSCs were fixed in ice cold 10% formalin for 10 min and stained with oil red O for 5 min at room temperature. Osteogenic induction was performed in Iscove's modified Dulbecco's medium containing 10% FBS, 10 -7 mol/l dexamethasone, 10 mol/l β-glycerophosphate, 0.05 mol/l vitamin C, 100 U/ml penicillin and 100 µg/ml streptomycin (all from Sigma Aldrich, St Louis, MO, USA). A total of 3 weeks post-induction, cells were fixed with 10% formalin for 10 min at room temperature and then incubated in 5% silver nitrate (American Master Tech Scientific, Inc., Lodi, CA, USA) at room temperature for 1 h. Observation was subsequently performed using a light microscope (magnification, x400). Negative controls refer to AMSCs stained with Oil Red O or Von Kossa that had been cultured in DMEM/F12 medium without adipogenic and osteogenetic induction.
Isolation, culture and identification of AECs. The amnion tissue was digested with 0.125% trypsin (Biological Industries, Kibbutz Beit Haemek, Israel) at 37˚C for 30-40 min. The digested liquid was collected and filtered through a 200-mesh screen to collect the cells following centrifugation at 200 x g for 5 min at room temperature. The collected cells were then cultured at 37˚C with 5% CO 2 in complete medium (DMEM/F12 containing 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin), the reagents of which were purchased from HyClone (GE Healthcare Life Sciences). Cells were then passaged when they reached 80-90% confluence.
The AECs were prepared for the cell climbing slice assay (14) , followed by fixation in 4% neutral formaldehyde, staining with hematoxylin, differentiation with 1% hydrochloric acid for 30-60 sec, re-staining with 1% aqueous ammonia for 1 min and eosin for 30 min, alcohol dehydration, 5-10 min of hyalinization and mounting on a film (14) . All steps were performed at room temperature. Observation was subsequently performed using a light microscope (magnification, x100).
For immunohistochemical analysis, cell climbing slices were immersed in DMEM/F12 medium and then fixed in 4% neutral formaldehyde for 15 min at room temperature, subsequently inactivated via incubation with 3% H 2 O 2 for 10 min at room temperature and then blocked with 5% goat serum (cat. no. 0060-01; Southern Biotech, Birmingham, AL, USA) for 30 min at room temperature. Following blocking, incubation was performed for 45 min at room temperature with a primary antibody against Pan-CK (cat. no. sc-8018; 1:100; Santa Cruz Biotechnology, Inc., Dallas, Texas, USA). As a negative control, cells were treated with PBS in the absence of primary antibodies. The cells were then incubated with goat anti-mouse IgG-Biotin secondary antibodies for 30 min at room temperature, which were included in the SABC kit purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China; cat. no. SA0011), according to the manufacturer's protocol. Then cells were observed under a light microscope (magnification, x200).
A direct immunofluorescence assay was performed after rupturing cell membranes and fixing the cells (10 7 cells/ml) using a Fixation/Permeabilization Solution kit (cat. no. 554714; BD Biosciences, Franklin Lakes, NJ, USA). Cells were then incubated at room temperature for 40 min with phycoerythrin (PE)-labeled Pan-CK antibodies (cat. no. ab52460; 1:100; Abcam, Cambridge, UK). Cells were blocked using 10% normal human serum (cat. no. 31876; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at room temperature for 30 min. As a negative control, cells were treated with isotype IgG in the absence of the antibodies. The cells were subsequently resuspended and identified by flow cytometry. The results were analyzed using WinMDI 2.9 software.
Co-culture groups and comparison of adipogenic and osteogenic abilities. AMSCs were digested with 0.125% trypsin at 37˚C, resuspended in serum-free DMEM/F12, seeded into 6-well plates at a density of 1x10 5 cells/well and placed into a Millicell chamber (0.4 µm; EMD Millipore, Billerica, MA, USA). The AECs were inoculated into the small chamber at a density of 1x10 4 cells/well. Together, this co-culture was labeled the co-culture group. The same batch of AMSCs were digested, resuspended in serum-free DMEM/F12 medium or complete medium (DMEM/F12 with the addition of 10% FBS) and seeded into 6-well plates using the above-mentioned methods and concentrations. These AEC-free cultures, which were termed the serum-free and serum groups, respectively, were used as controls. The AMSCs were detached using 0.125% trypsin at 37˚C and subsequently collected for use following incubation at 37˚C for 24, 48 or 72 h time intervals.
In order to compare the adipogenic and osteogenic abilities between the three culture groups, cells were inoculated into culture flasks at a density of 2-3x10 4 cells/cm 2 in adipocyte differentiation medium (IMDM + 10 -6 mol/l dexamethasone + 0.5 mol/l 1-methyl-3-isobutyl-xanthine + 0.1 mol/l vitamin C + 100 U/ml penicillin + 100 µg/ml streptomycin + 10% FBS) at 37˚C for 2 weeks. Osteogenic induction was performed in IMDM containing 10% FBS, 10 -7 mol/l dexamethasone, 10 mol/l β-glycerophosphate, 0.05 mol/l vitamin C, 100 U/ml penicillin and 100 g/ml streptomycin at 37˚C for 2 weeks. Following 2 weeks of adipogenic and osteogenic differentiation, total RNA from the AMSCs in the three groups was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse-transcribed into cDNA using a PrimeScript™ RT-PCR kit (Takara Bio, Inc., Otsu, Japan) at 42˚C for 50 min. SYBR ® Premix Ex Taq™ (Takara Bio, Inc.) was used for quantitative polymerase chain reaction (qPCR). qPCR was performed using a 7500 Fast Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). Alkaline phosphatase (ALP) and osteopontin (OPN) were measured as osteogenic indexes, while peroxisome proliferator-activated receptor γ (PPARγ) and CCAAT/enhancer-binding protein α (C/EBPα) were measured as the adipogenic indexes and GAPDH was used as the internal reference. The primer sequences used were as follows: ALP (162 bp) forward, 5'-ACC ATT CCC ACG TCT TCA CAT TTG-3' and reverse, 5'-AGA CAT TCT CTC GTT CAC CGC C-3'; OPN (416 bp) forward, 5'-AGC CAG GAC TCC ATT GAC TCG AAC-3' and reverse, 5'-GTT TCA GCA CTC TGG TCA TCC AGC-3'; C/EBPα (171 bp) forward, 5'-GAA GTT GGT GGA GCT GTC GG-3' and reverse, 5'-TGA GGT ATG GGT CGT TGC TGA-3'; PPARγ (89 bp) forward, 5'-AGC CTC ATG AAG AGC CTT CCA-3' and reverse, 5'-ACC CTT GCA TCC TTC ACA AGC-3'; and GAPDH (393 bp) forward, 5'-GTC TTC ACC ACC ATG GAG AAG GCT-3' and reverse, 5'-CAT GCC AGT GAG CTT CCC GTT CA-3'. The reaction conditions were pre-denaturation at 90˚C for 10 sec, followed by degeneration at 95˚C for 5 sec, annealing and extension at 60˚C for 60 sec, for a total of 40 cycles. The experiment was repeated three times. The results were analyzed using the 2 -ΔΔCq method (15) , and the expression levels of adipogenic and osteogenic indexes were compared among the three groups after 24, 48 and 72 h of culture. The results were expressed in terms of 2 -ΔΔCq using the following formula: ΔΔCq=ΔCq (co-culture group or serum-free group)-ΔCq (serum group). The difference between the co-culture (or serum-free) group and the serum group was 2 -ΔΔCq times.
Comparison of AMSC viability. For the Cell Counting kit-8 (CCK-8) assay, AMSC suspensions from each group at each time point were inoculated into 96-well plates (10 4 cells/well) and cultured overnight at 37˚C. 10% CCK-8 solution (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well and plates were incubated for an additional 3-4 h at 37˚C. The optical density (OD) value of each well was determined by a microplate reader.
For the trypan blue assay, AMSC suspensions from each group at each time point (10 5 cells/well) were stained with 0.4% trypan blue dye for 30-60 sec at room temperature. Following this, cells were delivered to a hemocytometer by capillary action. The number of blue-stained cells was determined under a light microscope (magnification, x40). The following formula was used for cell counting: Survival rate (%)=[(total number of cells-number of blue-stained cells)/total number of cells] x100.
Comparison of CXCR4 expression levels. CXCR4 expression was detected using a direct immunofluorescence assay. Cells (2x10 5 The mRNA expression of CXCR4 was also investigated in cells after 24, 48 and 72 h of culture using reverse transcription (RT)-qPCR. Total RNA was extracted and reverse transcribed into cDNA according to the aforementioned protocol, followed by amplification with SYBR Green dye and plotting of amplification curves using a qPCR instrument. The sequences of primers targeting the CXCR4 gene were forward, 5'-ACT TCA GTT TGT TGG CTG CGG C-3' and reverse, 5'-ACC GCT GGT TCT CCA GAT GCG-3'. The sequences of primers targeting the internal reference (GAPDH) were forward, 5'-GAA GGT GAA GGT CGG AGT C-3' and reverse, 5'-GAA GAT GGG ATG GGA TTT C-3'. The following reaction conditions were used: Pre-denaturation at 95˚C for 10 sec, followed by 40 cycles of denaturation at 95˚C for 5 sec and annealing and elongation at 60˚C for 40 sec. The experiment was repeated three times and the results were expressed as the 2 -ΔΔCq .
In vitro migration assay. The assay was performed in a Millicell chamber (EMD Millipore), with the upper chamber membrane (pore size, 12 µm) coated with fibronectin (EMD Millipore) and the lower chamber filled with different concentrations of SDF-1 (100, 200 and 300 ng/ml; PeproTech, Inc., Rocky Hill, NJ, USA) as well as DMEM/F12 medium and 0.5% BSA (Beijing Solarbio Science & Technology Co., Ltd.). AMSCs (3x10 5 cells/ml) in DMEM/F12 medium were added to the upper chamber. The antibody blocking group represents cells that have been incubated with PE-labeled CXR4 monoclonal antibodies as aforementioned, which blocked cell surface CXCR4. After 24 h of culture at 37˚C, the filter was removed and stained with 0.1% crystal violet for 15-30 min at room temperature, and the number of cells that migrated to the outer surface of the membrane was counted under a light microscope (magnification, x200). The number of cells in five random fields of view of the filter was counted and the experiment was repeated three times.
Statistical analysis. SPSS package version 17.0 for Windows (SPSS, Inc., Chicago, IL, USA) was used for the statistical analysis. Experimental data are presented as the mean ± standard deviation. Comparisons among groups were performed using one-way analysis of variance and pairwise comparisons were performed using Fisher's least significant difference test. All experiments were performed in triplicate. P<0.05 was considered to indicate a statistically significant difference.
Results
Isolation, culture and identification of AMSCs. Consistent with our previous studies (13,16), the isolated and cultured AMSCs were spindle-shaped or polygonal, homogeneous, and transparent. Flow cytometry demonstrated that CD29, CD44, CD90 and CD105 expression was observed in AMSCs, but there was no or limited expression of CD11a, CD11b, CD31, CD34, CD45, HLA-DR and Pan-CK (data not shown). Additionally, the cells successfully differentiated into adipocytes and osteoblasts following induction in vitro (data not shown), which is consistent with other recent reports (17) (18) (19) .
Isolation, culture and identification of AECs. The AECs were polygonal or oval, with a clear outline, rich cytoplasm and pavement-like appearance following growing in flakes or clusters. Hematoxylin and eosin staining demonstrated abundant cytoplasm and blue-stained nuclei (Fig. 1A) . The expression of Pan-CK in AECs was observed by immunohistochemistry (Fig. 1B and C) and flow cytometry (Fig. 1D-F) , both of which indicated a high degree of positive Pan-CK expression in AECs. Pan-CK represents the main structural protein and differentiation marker of the epithelium (12) . The immunofluorescence staining results revealed a high expression of Pan-CK in AEC, as well as positive Pan-CK revealed by immunohistochemistry. Considering this as well as the morphological characteristics revealed, it was confirmed that the cultured cells were epithelial cells.
Basic biological characteristics of AMSCs.
The AMSCs in the three groups exhibited no marked alterations in morphology after 24, 48 or 72 h of culture; the morphology of AMSCs in the co-cultured group, serum-free cultured group and serum cultured group at 72 h are presented in Fig. 2A-C , respectively. Following co-culture with AECs for 72 h, AMSCs also maintained stable immunophenotypic features, including a highly expressed matrix and stromal cell antigen (CD29, CD44, CD105 and CD90), and no exhibition of hematopoietic cell markers (CD11a, CD11b, CD34 and CD45), major histocompatibility antigen complex class II molecules (HLA-DR), or epithelial Pan-CK and endothelial markers (CD31) (Fig. 2D-N) . M1 indicates cells with negative expression and M2 indicates cells with positive expression. Furthermore, oil red O and Von Kossa staining confirmed that AMSCs co-cultured with AECs for 72 h were able to differentiate into adipocytes and osteoblasts in vitro (Fig. 3A-D) . Additionally, RT-qPCR was performed to measure the mRNA expression of osteogenic (ALP and OPN) and adipogenic (C/EBPα and PPARγ) markers in AMSCs following co-culture with AECs, and the results presented in Fig. 3E -H confirmed that the osteogenic and adipogenic differentiation potential of AMSCs co-cultured with AECs for 72 h was not altered compared with serum-free and serum cultured control groups at the same time-point.
Comparison of AMSC viability.
The results of the CCK-8 assay demonstrated that no significant differences were observed in the viability among the three groups after 24 h of culture. However, after 48 and 72 h of culture, the absorbance of the co-culture and serum groups was significantly higher compared with the serum-free cultured group (P<0.05), indicating that the viability of AMSCs was higher in the co-culture and serum cultured groups (Fig. 4A) .
Furthermore, trypan blue staining demonstrated that the survival rates of AMSCs in the co-culture and serum groups at all three time-points were significantly higher compared with AMSCs in the serum-free group (P<0.05; Fig. 4B ). CXCR4 expression. CXCR4 expression was initially measured using a direct immunofluorescence and flow cytometry assay. The results demonstrated that CXCR4 expression on cell surfaces in the co-culture and serum-free groups was higher compared with the serum cultured group at each of the three time points (P<0.05; Fig. 5A-D) . Intracellular CXCR4 expression in the co-culture group was significantly higher compared with the other two groups at 24 h (P<0.05), but the expression of CXCR4 among the three groups at 48 and 72 h was not significantly different ( Fig. 5B and D) .
CXCR4 mRNA expression was also measured in AMSCs by RT-qPCR. The results indicated that the mRNA expression of CXCR4 at 24 h was 1.664±0.288 and 1.227±0.289 times higher in the co-culture and serum-free groups, respectively, compared with the serum group. At 48 h, the levels of CXCR4 expression were 2.875±0.260 and 2.842±0.413 times greater, respectively, and at 72 h, these levels were 3.241±0.511 and 2.998±0.632 times greater, respectively (P<0.05; Fig. 5E-G) .
Migration assay. The results presented in Fig. 6A and B indicate that after 48 h of culture in the co-culture group, the number of migrating AMSCs was increased when 200 ng/ml SDF-1 was added compared with the addition of 0 ng/ml SDF-1. The results of the migration assays also demonstrated that, in all three groups, cells migrated towards SDF-1 in a dose-dependent manner. Compared with AMSCs in the Figure 4 . The effect of AMSC co-culture with amniotic epithelial cells on the cell viability of AMSCs were detected by CCK-8 assays and trypan blue staining. (A) Proliferation activity in each group was measured using a CCK-8 assay and expressed as an OD value The OD values of the co-cultured group and serum cultured group were significantly higher compared with the serum-free cultured group at 48 and 72 h. (B) Trypan blue staining was performed to assess the survival rate of different groups. The survival rates of the co-cultured group and serum cultured group were higher compared with the serum-free cultured group at 24, 48 and 72 h of culture. serum group, the migration of AMSCs in the co-culture and serum-free groups was significantly higher at concentrations of 100, 200 and 300 ng/ml at all time-points (P<0.05), but there were no significant differences between the co-culture and serum-free groups (Fig. 6C-E) . Pre-incubation with AMSC-neutralizing antibodies prevented migration, which confirmed the specificity of this migration (Fig. 6C-E) .
Discussion
MSCs have been used in the field of stem cell transplantation due to their multi-directional differentiation potential and ability to regulate immune responses (20) . The number of homing MSCs is reported to be closely associated with treatment outcomes, whereas outcomes are not positively associated Figure 5 . Expression of CXCR4 in AMSCs co-cultured with amniotic epithelial cells. (A) Cell surface CXCR4 expression of AMSCs in the co-cultured group and serum-free cultured group was higher compared with the serum cultured group. (B) Intracellular CXCR4 expression of AMSCs in the co-cultured group was significantly higher compared with the serum-free cultured group and serum cultured group at 24 h, while no significant differences were observed among the three groups at 48 and 72 h. Black, green and red curves represent the co-cultured, serum-free cultured and serum cultured groups, respectively. The red filled area of the graphs indicates the region of fluorescent intensity for cells labeled with isotype control antibodies. M1 indicates cells with negative expression and M2 indicates cells with positive expression. Quantification of the expression levels of (C) cell surface and (D) intracellular CXCR4 by flow cytometry. (E-G) Reverse transcription-quantitative polymerase chain reaction results demonstrated that the mRNA expression of CXCR4 was higher in the co-cultured and serum-free cultured groups compared with the serum cultured group. Values in the co-cultured and serum-free cultured groups were calculated relative to the serum cultured group. Data are presented as the mean ± standard error of the mean of three independent experiments in triplicate. * P<0.05 vs. serum cultured group. CXCR4, C-X-C motif chemokine receptor 4; AMSCs, amniotic mesenchymal stem cells; PE, phycoerythrin.
with the number of MSCs transplanted (21) . Therefore, the efficiency of MSC homing and target tissue implantation is key in effective treatment. The SDF-1/CXCR4 axis has been reported to have an important role in MSC homing (22) . Increasing the expression of CXCR4 contributed to the migration of MSCs toward target organs and, if receptors were blocked, this ability was reduced (23) .
The clinical application of BMSCs has been limited by few donors and an invasive method of obtaining them, while AMSCs are abundantly available as a by-product of childbirth and exhibit similar biological characteristics to BMSCs (24) , indicating that they may have potential for numerous applications. Due to the ability of AECs to secrete various cytokines, the present study co-cultured AECs with AMSCs under serum-free conditions, aiming to maintain the growth activity of AMSCs and upregulate CXCR4, thus improving the homing and migration abilities of AMSCs. AMSCs were incubated with AECs in serum-free medium through a Millicell chamber, in which only active substances secreted by the cells were available to meet the nutritional requirements of the cells and the effects of cell contact were excluded. The results demonstrated that the co-cultured AMSCs were not different in morphology, immunophenotype or multidirectional differentiation ability when compared with those without co-culture. Furthermore, the co-cultured cells exhibited a similar growth ability compared with the serum cultured group, and this ability was superior to that in the serum-free cultured group, indicating that the cytokines produced by the AECs were sufficient to maintain the biological activity of AMSCs for at least 72 h. CXCR4 is primarily expressed in the cytoplasm, and cells regulate the expression of CXCR4 on cell membrane surfaces through endocytosis (25) . Under normal circumstances, only a very small proportion of CXCR4 is expressed on the surface of MSCs (1-3.9%); however, following the rupture of membranes and exposure of intracellular antigens, CXCR4 expression is reported to increase (26). Li et al (27) demonstrated that CXCR4 expression on the surface of MSCs was minimal, consistent with the results of the immunofluorescence assay in the present study. Li et al (27) also revealed that the expression of CXCR4 within cells is always higher (>95%) than the cell surface expression (<5%), regardless of the method of detection used. Studies have indicated that the expression of CXCR4 on the cell surface maybe regulated by externalization and endocytosis (25, 28, 29) .
Therefore, it maybe hypothesized that co-culture of AECs and AMSCs promotes the expression of CXCR4 in AMSCs through autocrine or paracrine secretion in a serum-free environment. These cytokines may even promote the migration of intracellular CXCR4 to the cell surface. Notably, it was observed in the present study that in serum-free conditions, CXCR4 was upregulated on cell surfaces, which may explain why, even in the absence of nutritional supplements, AMSCs are able to secrete certain cytokines in an autocrine manner to maintain their growth requirements, and these cytokines may also increase the surface expression of CXCR4. However, these limited cytokines cannot meet the requirements for cell growth and proliferation, which may explain why, despite CXCR4 expression in the serum-free group being higher compared with the co-culture and serum groups, cell viability was lower in the serum-free group compared with other groups. Conversely, although the serum cultured group did not appear to have impaired cell viability, its CXCR4 expression was significantly lower compared with the other two groups. Therefore, the AMSCs co-cultured with AECs had the advantages of both upregulated CXCR4 and increased cell viability, while the other two groups had only one of these advantages. Although the serum-free cultured cells exhibited a similar migratory ability to the co-cultured group, the proliferation activity and survival rate of the cells were suppressed. However, further studies are required in order to confirm the above findings.
The effectiveness of chemokine receptors depends on their expression on cell surfaces. In our previous study (8) , BMSCs were treated with five cytokines that upregulated the expression of CXCR4 on and within the cells, which enhanced their ability to migrate towards SDF-1, and promoted their ability to home towards bone marrow and be successfully implanted in radiated NOD/SCID mice. CXCR4-expressing MSCs have also be reported to migrate towards target organs or tissues along an SDF-1 concentration gradient and to participate in tissue repair (27, 30) . The migration assay performed in the current study demonstrated that the in vitro migration ability of the co-culture group along the SDF-1 concentration gradient was increased, potentially in response to the increased expression of CXCR4 on cell surfaces. Pre-incubation with AMSC-neutralizing antibodies to block surface CXCR4 prevented migration and thus confirmed that the expression of chemotactic receptors was on cell surfaces rather than intracellular, and that surface CXCR4 represents the main factor affecting migration.
There were a number of limitations associated with the presents study. Although the current study has discussed the biological characteristics of AMSCs co-cultured with AECs; however, further studies are required to investigate the biological characteristics of BMSCs co-cultured with AECs. Numerous studies have revealed that the CXCR4 expression on cell surface can be regulated by externalization and endocytosis (28, 29) . In the present study, the results of the intracellular expression levels of CXCR4 were not entirely consistent with the results demonstrating the expression levels of CXCR4 on the cell surface. Therefore, it can be hypothesized that AECs and AMSCs upregulate the expression of CXCR4 via autocrine and paracrine secretion, respectively, in a serum-free environment. Such cytokines may also promote the migration of intracellular CXCR4 to the cell surface. However, such hypotheses require further investigation by future studies.
In conclusion, the results of the present study indicated that co-culturing AMSCs with AECs upregulated CXCR4 expression on the surfaces of AMSCs and improved the ability of AMSCs to migrate along an SDF-1 gradient. These results may set the foundation for improving the directional migration and homing ability of AMSCs, and also provide a reliable theoretical basis for the application of AMSCs in clinical practice as a novel strategy to increase the success of hematopoietic stem cell transplantation.
